The mechanisms responsible for prostate cancer metastasis are incompletely understood at both the cellular and molecular levels. In this regard, chemokines are a family of small, cytokine-like proteins that induce motility of neoplastic cells, leukocytes and cancer cells. The current study evaluates the molecular mechanisms of CXCL12 and CXCR4 in prostate cancer cell migration and invasion. We report that functional CXCR4 is significantly expressed by prostate cancer cell lines, LNCaP and PC3, when compared with normal prostatic epithelial cells (PrEC). As measured using motility and invasion chamber assays, prostate cancer cells migrated and invaded through extracellular matrix components in response to CXCL12, at rates that corresponded to CXCR4 expression. Anti-CXCR4 antibodies (Abs) significantly impaired the migration and invasive potential of PC3 and LNCaP cells. CXCL12 induction also enhanced collagenase-1 (metalloproteinase-1 (MMP-1)) expression by LNCaP and PC3 cells. Collagenase-3 (MMP-13) was expressed by prostate cancer cells, but it was not expressed by PrEC cells or modulated by CXCL12. CXCL12 increased MMP-2 expression by LNCaP and PC3; however, MMP-9 expression was elevated only in PC3 cells after CXCL12-CXCR4 ligation. PC3 cells also expressed high levels of stromelysin-1 (MMP-3) after CXCL12 stimulation. CXCL12 also significantly increased stromelysin-2 (MMP-10) expression by LNCaP cells. Stromelysin-3 (MMP-11) was expressed by LNCaP cells, but not by PC3 or PrEC cells and CXCL12 induced PC3 MMP-11 expression. Membrane type-1 MMP (MMP-14) was not expressed by PrEC or LNCaP cells, but CXCL12 significantly enhanced MMP-14 expression by PC3 cells. These studies reveal important cellular and molecular mechanisms of CXCR4/CXCL12-mediated prostate cancer cell migration and invasion.
Despite the obvious importance of metastasis, this process remains incompletely understood at both the cellular and molecular levels. 1 Many factors have been implicated in the process of metastasis, but the precise mechanisms for the directional migration of malignant cells into different organs is unknown. [2] [3] [4] In this regard, chemokines are a super family of small, cytokine-like proteins that inducethrough G-protein-coupled receptor and cytoskeletal rearrangement-the adhesion of neoplastic cells or leukocytes to endothelial cells as well as the directional migration of cancer cells. 5, 6 The ability of neoplastic cells to penetrate the basement membrane and then invade the interstitial stroma to initiate the metastatic process is largely mediated by proteolysis. Many proteinases are capable of degrading extracellular matrix (ECM) components, but matrix metalloproteinases (MMPs) appear to be particularly important for matrix degradation. 6 These proteolytic enzymes are involved in connective tissue remodeling as well as in embryonic growth, ovulation, wound healing and menstruation. 7, 8 Moreover, abnormal production of these proteinases is implicated in a number of pathological conditions. 9 It has been shown that CXCL12-CXCR4 interactions may play a role in the metastasis of prostate cancer to bone. 10 However, these interactions alone do not explain the metastasis pattern of prostate cancer or the potential for neoplastic prostate cells to migrate and invade other tissues. We have tested the hypothesis that prostate carcinomas use CXCR4-dependent mechanisms for migration, invasion and MMP expression. To test this hypothesis, we have elucidated the levels of CXCR4 mRNA and surface protein expression as well as CXCL12-CXCR4-induced migration, matrix invasion, and MMP expression by normal PrEC and prostate cancer cell lines. These studies suggest that the expression of CXCR4 and its interaction with CXCL12 may aid in facilitating the migration, invasion and MMP expression by prostate tumor cells.
Materials and methods

Cell Lines and Cell Culture
PC3 and LNCaP cell lines were obtained from the ATCC (Manassas, VA, USA). Normal prostate epithelial cells (PrEC) were obtained from CloneticsBiowhittaker (Walkersville, MD, USA) and cultured in PrEMB medium (Clonetics-Biowhittaker). PC3 cells were cultured at 371C with 5% CO 2 in Ham's F12 K medium with 2 mM L-glutamine and adjusted to contain 1.5 g/l sodium bicarbonate (ATCC) with 10% fetal bovine serum (FBS) (Sigma, St Louis, MO, USA). After five passages in Ham's F12 K media, PC3 cells were switched to RPMI-1640 at 371C and 5% CO 2 with 10% FBS. LNCaP cells were cultured in RPMI-1640 with 10% FBS. Before migration and invasion studies as well as CXCR4 and MMP expression analyses were conducted, the cells were cultured for 24 h in RPMI-1640 supplemented with 2% charcoal-striped FBS. Similarly, cells were cultured for 6, 12, 18, 24, and 48 h in 2% charcoalstriped FBS RPMI-1640 during migration and invasion as well as mRNA and protein expression studies. Optimal mRNA and protein expression was measured after 12 and 24 h of culture, respectively.
RNA Isolation and Gene Expression Analysis
Human mRNA sequences for CXCR4, MMP-1, MMP-3, MMP-2, MMP-9, MMP-10, MMP-11, MMP-13, MT1-MMP (MMP-14) and 18S rRNA were obtained from NIH-NCBI gene bank database Accession numbers NM003467, NM002421, NM002422, NM004530, NM004994, NM002425, NM005940, NM002427, NM004995 and X00686.1, respectively. These sequences were then used to design primers for RT-PCR analysis, which generated amplicons 188, 83, 155, 95, 79, 94, 107, 176, 172 and 149 base pairs in size for CXCR4, MMP-1, MMP-3, MMP-2, MMP-9, MMP-10, MMP-11, MMP-13, MMP-14 and 18S rRNA, respectively. Primers were designed using the Primer 3 software program from Whitehead Institute at the Massachusetts Institute of Technology (Boston, MA, USA). Thermodynamic analysis of the primers was conducted using the following computer programs: Primer Premiert (Integrated DNA Technologies, Coralville, IA, USA) and MIT Primer III (Boston, MA, USA). The resulting primer sets were also compared against the entire human genome to confirm specificity and ensure that the primers flanked mRNA splicing regions.
Total RNA was isolated from untreated and CXCL12-treated prostate cancer and normal prostatic epithelial cells using Tri-reagentt (Molecular Research Center, Cincinnati, OH, USA), according to the manufacturer's protocols. Potential genomic DNA contamination was removed from these samples by treatment for 15 min at 371C with RNase-free DNase (Invitrogen, San Diego, CA). RNA was precipitated and resuspended in RNA Securet (Ambion, Austin, TX, USA). cDNA was generated by reverse transcribing 1.5 mg of total RNA using Taqmant reverse transcription reagent (Applied Biosystems, Foster City, CA, USA), according to the manufacturer's protocols, and amplified with specific cDNA primers, using SYBR s Green PCR master mix reagents (Applied Biosystems). The levels of copies (410) of mRNA relative to 18S rRNA copies of these targets were evaluated by RT-PCR analysis using the BioRad Icycler and software (Hercules, CA, USA).
Flow Cytometry Analysis of CXCR4 Surface Expression
PE-conjugated mouse anti-human CXCR4 (clone 112509) antibody was purchased from R&D Systems (Minneapolis, MN, USA). PE-conjugated mouse IgG2a monoclonal immunoglobulin isotype control was purchased from Pharmingen (San Diego, CA, USA). Prostate cancer cells and normal prostate epithelial cells were washed 3 times in PBS (supplemented with 0.5% BSA) and treated with 1.0 mg of Fc Blockt (Pharmingen) per 10 5 cell for 15 min at room temperature. Fc-blocked prostate cancer and normal epithelial cells were stained with 1.0 mg of PE-conjugated mouse anti-human CXCR4 or PE-conjugated mouse IgG2a isotype control antibodies per 10 5 cells at 41C for 40 min. Subsequently, the cells were washed with 1.0 ml FACS buffer (1% BSA in PBS) to remove unbound antibodies. Labeled cells were fixed in 500 ml of 2% paraformaldehyde solution, and 10 5 cells were analyzed by flow cytometry using a FACScan flow cytometer and CellQuestt software (BD-PharMingen).
Migration and Invasion Assays
CXCL12 was obtained from PeproTech (Rocky Hill, NJ, USA). Unlabeled mouse anti-human CXCR4 antibody and control antibody (IgG2a) was purchased from R&D Systems. Migration and invasion studies were performed using BD BioCoatt migration or Matrigelt invasion chambers, respectively (Becton Dickinson Labware, Bedford, MA, USA). RPMI-1640 culture media supplemented with 2% charcoal-striped FBS was added to the interior of the bottom chamber as well as to the top chamber of the CXCR4-mediated PCa migration and invasion S Singh et al inserts and allowed to hydrate for 2 h at 371C with 5% CO 2 . CXCL12 or albumin (negative control) at 100 ng/ml was added to the bottom chamber. Next, 10 4 cells were added to the top chamber of the inserts. To block CXCL12-CXCR4 interactions, 1.0 mg/ml of mouse anti-human CXCR4 (clone 44708.111) monoclonal antibody or control antibody (R&D Systems) was added to the top chamber of Matrigelt or control inserts and incubated overnight at 371C and 5% CO 2 . After incubation, the cells on the bottom surface of the inserts were fixed with 100% methanol for 2 min, stained for 2 min in 1% toluidine blue (Sigma, St Louis, MO, USA) supplemented with 1% borax (Sigma), and then rinsed twice with deionized water (dH 2 O). Cells were counted by microscopic examination using a Â 40 magnification.
Active MMP Protein Detection
Briefly, 10 5 prostate cancer (LNCaP and PC3) and PrEC cells were seeded in 24-well plates and conditioned media were collected from CXCL12 (100 ng/ml) treated or untreated cells. Active collagenases (MMP-1 and MMP-13), gelatinase A and B (MMP-2 and MMP-9) and stromelysin 2 (MMP-10) levels were measured by ELISA (R&D systems, Minneapolis, MN, USA), according to the manufacturer's protocols. Active MMP-14 was measured by ELISA according to the manufacturer's protocol (Amersham Bioscience Corp, Piscateaway, NJ, USA). Similarly, an ELISA method for active stromelysin-3 (MMP-11) detection was developed to quantify active MMP-11 expression in conditioned media. Briefly, 96-well Falcon ELISA plates (Fisher Scientific, Pittsburg, PA, USA) were coated with 100 ml of 5 mg/ml rabbit anti-human (hinge region) MMP-11 antibody (Triple Point Biologicals, Forest Grove, OR, USA) overnight at 41C and blocked with 200 ml of 2% BSA (Sigma) in PBS for 2 h at room temperature. Serial dilutions of experimental samples and purified human MMP-11 (Triple Point Biologicals), as standard, were added and incubated overnight at 41C. Plates were washed 4 Â with PBS containing 0.05% Tween-20 (PBS-T). Mouse anti-human (active domain) MMP-11 antibody (Calbiochem, La Jolla, CA, USA) diluted in PBS (1:3000) was added in each well and incubated at room temperature for 2 h. After washing 4 Â with PBS-T, 100 ml goat anti-mouse IgGhorse raddish peroxidase (HRP, 1:3000, Southern Biotechnology Associates, Birmingham, AL, USA) was added and incubated at room temperature for 1 h. After three washes, tetramethylbenzidine (TMB) substrate (eBioscience, San Diego, CA, USA) was added, allowed to react, and stopped with 50 ml of 2% H 2 SO 4 , and optical density was read at 450 nm.
Statistics
The RT-PCR and ELISA data are expressed as the mean7s.e.m. and compared using a two-tailed Student's t-test or an unpaired Mann-Whitney U-test. The results were analyzed using the Statview II statistical program (Abacus Concepts, Inc., Berkeley, CA, USA) for Macintosh computers and were considered statistically significant if P-values were o0.05. When MMP levels were below the detectable limit of the ELISA, values were recorded as one-half of the lower detection limit (eg, 50 pg/ml for MMP-13) for statistical analysis. KolmogorovSmirnov (K-S) two-sample test using CELLQuest Software (BD-Pharmingen) for Macintosh computers was used to compute the statistical significance between PrEC and LNCaP or PC3 cell CXCR4 histograms.
Results
CXCR4 mRNA Expression by Prostate Cells
Normal prostate epithelial cells (PrEC) and prostate cancer cell lines, previously isolated from metastases to bone (PC3) or lymph nodes (LNCaP), expressed CXCR4. However, significantly higher levels of CXCR4 were observed in the malignant cell lines than in normal prostatic epithelial cells ( Figure 1 ). LNCaP cells expressed significantly more copies of CXCR4 transcripts than did PC3 cells. Protein expression of CXCR4 by LNCaP, PC3 and PrEC cells was confirmed by flow cytometry ( Figure  2 ). In confirmation with mRNA levels, the surface protein expression of CXCR4 was significantly higher in the cancer cell lines than normal prostatic epithelial cells. LNCaP cells also expressed significantly higher levels of cell surface CXCR4, when compared to PC3.
Migration and Invasion
CXCR4 expressed by the prostatic epithelial cells tested was also functional, as indicated by the ability of the LNCaP and PC3 cell lines, but not the PrEC cells to migrate toward chemotactic gradients of CXCL12 (Figure 3 ). Both LNCaP and PC3 cells migrated toward CXCL12. The number of LNCaP and PC3 cells that migrated in response to CXCL12 was significantly higher than for cells not exposed to CXCL12 as a chemoattractant. This CXCL12-dependent chemotaxis was neutralized by treatment with anti-CXCR4 antibody, but not by control antibody. As with migration, PrEC cells were not invasive under any conditions (Figure 4) . After CXCL12 ligation, the invasive potential of PC3 and LNCaP cells significantly increased when compared with the same cells left untreated. Neutralization of CXCL12-CXCR4 interactions by anti-CXCR4 antibody treatment significantly diminished the invasiveness of LNCaP and PC3 cells but not by control antibody.
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CXCL12-Induced MMP Expression by Prostate Cancer and Normal Prostatic Epithelial Cells
The Matrigelt system used in this study for the invasion assays consisted of laminin, collagen IV and entactin; hence, MMP-1, MMP-3, MMP-8, MMP-10, MMP-11 and/or MMP-13 may be required to efficiently digest these components. To determine if the associated increase in invasion after CXCL12-CXCR4 interaction was due to heightened MMP expression, collagenases (MMP-1 and -13), gelatinase (MMP-2 and -9), stromelysins (MMP-3, -10 and -11) and membrane type- Neither of the untreated cells tested expressed substantial levels of MMP-3 ( Figure 7 ). However, following CXCL12 induction, PC3 cells expressed significantly higher levels of MMP-3 mRNA and active protein than did the other cells tested. Untreated PC3 cells also expressed significantly higher levels of MMP-10 mRNA and active protein than did untreated LNCaP and PrEC cells, while CXCL12 induction significantly increased MMP-10 expression by LNCaP cells but not by PrEC or PC3 cells. MMP-11 mRNA and active protein was consistently expressed by untreated and CXCL12-treated LNCaP cells, but its expression by PC3 cells was dramatically increased only after CXCL12 treatment. These data suggest that CXCL12 treatment induced MMP-3 expression by PC3 cells, but not by LNCaP cells. MT-1 MMP (MMP-14) was not largely expressed by untreated PrEC, LNCaP or PC3 cells (Figure 8 ). However, MMP-14 expression by PC3 cells was significantly increased after CXCL12 treatment.
Discussion
Prostate cancer is a common neoplasm and the second leading cause of cancer-related deaths in 
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American males. 11 Most of these deaths are not the result of the primary tumor growth, but are rather the result of the spread of cancer to distant organs, including bone. 12 In spite of the clinical importance of metastasis, much remains to be learned about the metastatic process. Many factors have been identified that may contribute to metastasis. 13 In this regard, chemokines are involved in the chemotaxis of lymphocytes and may cause cancer cells to 'home' to specific secondary sites to promote organ-specific metastasis.
CXCL12-CXCR4 interactions have been implicated in the pathogenesis and progression of breast cancer, pancreatic cancer, Burkett's lymphoma, nonHodgkin's B-cell lymphoma, several types of leukemias and neuroblastomas.
14-22 CXCR4 expression by cancer cells may also correlate with disease severity. For instance, Muller et al showed that normal breast tissues express low amounts of CXCR4, whereas breast neoplastic tissues express high levels of CXCR4. Moreover, it has been shown that CXCL12 ligation can also mediate cancer cell adhesion to endothelial cells. 10 We hypothesized that directional migration and invasion of prostate cancer cells are mediated by CXCL12-CXCR4 interactions that also modulate MMP expression. To address this hypothesis, we first identified the expression of chemokine receptors by normal prostatic epithelial cells and prostate cancer cell lines, which were isolated originally from different metastatic sites (ie, lymph nodes and bone). To our knowledge, for the first time, in vitro migration and invasion studies were used to test the biological and functional significance of CXCR4 expression by prostate cancer cells. In the present study, we have shown that PrEC cells express low levels of CXCR4 mRNA and surface protein. In confirmation of this finding, Sun et al 23 demonstrated that CXCR4 is expressed at higher levels by prostate cancer cells (LNCaP and PC3) as well as by prostate cancer tissue. We showed that the prostate cancer cells tested displayed significantly higher CXCR4 transcript and surface protein than did normal prostatic epithelial cells.
The extracellular matrix presents a formidable barrier to cell invasion; hence, CXCL12-mediated chemotaxis alone does not explain the metastasis of prostate cancer. MMPs have been widely studied due to their role in tumor metastasis. 24, 25 Indeed, MMP-1 expression has been correlated with high mortality rates in colorectal and esophageal cancers. 26, 27 Bladder tumors that invade muscle display significantly higher collagenase activity than do their noninvasive counterparts. 28 Higher urinary MMP-1 expression has also been correlated with disease progression and poor survival in bladder cancer cases. 29 Collagenases (MMP-1 and -13) degrade several native fibril collagens, including types I, II and III, resulting in their cleavage. In this study, we demonstrate for the first time that the expression of MMP-1 by LNCaP and PC3 cells is induced by CXCL12-CXCR4 interactions. In studies using in vitro models of rheumatoid arthritis and osteoarthritis showed that CXCL12-stimulated human chondrocytes produce MMP-1. 30 The present study also shows that the CXCL12-CXCR4 interaction has an inhibitory effect on MMP-13 expression. Hence, the ability of CXCL12 to modulate MMP-1 expres- Similarly, this chemokine induces the expression MMP-9 by monocytes 38, 39 and purified mature polyploid human megakaryocytes in a phosphatidyl-inositol 3-kinase-dependent fashion. 40, 41 The CXCL12-CXCR4 axis also induces rhabdomyosarcoma cells to produce MMP-2. 42 In this study, we have demonstrated that both MMP-2 and -9 are expressed at low levels by both normal prostatic epithelial cells and prostate cancer cell lines. More importantly, CXCL12-CXCR4 interactions increase MMP-2 expression by both LNCaP and PC3 cells, but not by normal prostatic epithelial cells; however, MMP-9 expression by PC3 cells was induced only after CXCL12 ligation. Hence, CXCL12 induction differentially modulates gelatinase expression by prostate cancer cell lines.
Stromelysins are expressed predominantly by normal epithelial cells, but they are also produced by carcinomas and can degrade a broad range of substrates, including type IV, V, IX and X collagens; fibronectins; laminin; elastin; gelatin and proteoglycan core proteins. [43] [44] [45] MMP-3 and MMP-10 expression by head and neck carcinomas is higher than normal matched tissue. 46 We show that CXCL12 induces MMP-3 upregulation by PC3 cells and MMP-10 expression by LNCaP cells. In contrast to MMP-10, LNCaP cells appear to be predisposed to MMP-11 expression, and CXCL12 further increases MMP-11 expression by both LNCaP and PC3 cells. This differential expression of stromelysins after CXCL12 induction may play a significant role in selective invasion. In addition to these soluble MMPs, membrane matrix metalloproteinases also play significant roles in matrix degradation.
MT1-MMP (MMP-14) is a membrane-associated protease that regulates cell matrix expression through proteolysis. [47] [48] [49] [50] MMP-14 degrades native type I collagen, fibronectins, laminin, fibrin, gelatin and the proteoglycan core of the proteins of cartilage. Studies have shown that MMP-14 is expressed at higher levels by tumors than by normal (adjacent) tissue. 46, 51 Other studies have shown an association between MMP-14 and the transformation of benign prostate epithelium to high-grade prostatic intraepithelial neoplasia 52 and the increased invasive property of prostate cancer cells. 53 We show that, following CXCL12 induction, PC3 cell lines significantly express MMP-14 but LNCaP cell lines do not. Most recently, it has been shown that CXCL12 also promotes melanoma cell invasion across basement membranes that involve MMP-14 interactions. 54 Hence, PC3 cells' higher level of MMP-14 expression may partially explain their ability to preferentially home to and survive in bone.
Our results show that CXCL12 can increase the expression of certain MMPs. We also show that MMP-1, -9, -10, -11 and -13 are expressed at relatively high levels by untreated cancer cells compared to untreated normal prostate epithelial cells. However, these high levels will not result in invasion without a simultaneous signal for chemotaxis. A host factor (eg, CXCL12) that modulates MMP production as well as provides a signal for cancer cell movement has important implications in prostate cancer progression. In many instances, CXCL12 increased MMP-1, -2, -3, -9, -10, -11 and -14 expression and activity by cancer cells. However, CXCL12 decreased basal levels of MMP-13 by both LNCaP and PC3 cells. Certain host factors, for example, IL-1, have been shown to increase MMP-1 expression by four-fold, while increasing MMP-13 expression by 4500-fold. 55 This varied collagenase expression is a result of related, yet different, induction pathways. To explain, MMP-13 induction by chondrocytes requires p38 mitogen-activated protein kinase (MAPK) and c-Jun N-terminal kinase (JNK) activation as well as nuclear factor (NF)-kappaB translocation. 56 In contrast, MMP-1 induction requires p38 MAPK and MAPK of the extracellular signal-regulated kinase (MEK) activation, but not JNK activation or NF-kappaB translocation.
Consequently, CXCL12 increases p38 MAPK 41, 57 and MEK activity 58 in melanoma and lymphocytes, respectively. While p38 MAPK and MEK activity is increased by CXCL12 stimulation of hematopoietic progenitor and lymphocytes, JNK is not activated by this chemokine. 59, 60 The modulation of NF-kappaB translocation by CXCL12 is not as certain. 41, 61 Taken together, the ability of CXCL12 to simultaneously increase p38 MAPK and MEK activity, while lowering and/or not affecting JNK activity or NF-kappaB translocation, would presumably lead to higher increases in MMP-1 expression compared to MMP-13, which is confirmed by our findings. While additional studies will be needed to determine the precise molecular mechanism(s) of CXCL12-mediated MMP-1 and -13 modulation, our findings may highlight the physiologic significance of this differential regulation. MMP-1 and -13 are uniquely expressed for epithelial cell regrowth (re-epithelialization) and tissue remodeling in chronic wounds, respectively. 62 Perhaps carcinoma cell growth without motility (ie, epithelial cell regrowth) is supported in part by MMP-1 but not MMP-13 expression, while tumor cell motility/invasion and mechanisms, used during chronic wound repair, require selective MMP-1 and MMP-13 activity.
In summary, our current study suggests that differential expression and ligation of CXCR4 with CXCL12 could determine prostate cancer cell migration and invasion. However, there are a number of limitations inherent in any in vitro study. The milieu of host factors that are present in the microenvironment of tumor cells including, but not limited to, androgen, colony stimulating factor, fibroblast/monocyte-derived MMPs, cytokines, etc all play a complex role in prostate cancer development and progression. Hence, many more in vivo and in vitro studies will be needed to determine the precise mechanism(s) and clinical significance of CXCL12-mediated MMP modulation and prostate tumor cell invasion.
Expression of functional CXCR4 by prostate cancer cells together with selective CXCL12 expression by bone and lymph node support our hypothesis that prostate cancer cell migration and invasion are in part mediated by CXCL12. Moreover, the effect of CXCL12 on MMP expression suggests that this chemokine plays an important role in invasion via MMP modulation, which would represent an important molecular mechanism of prostate cancer progression. While additional studies will be necessary to evaluate the precise cellular and molecular mechanisms of CXCL12-mediated migration and invasion of prostate cancer cells, the current study shows that CXCL12-CXCR4 interactions might play significant roles in prostate cancer progression.
